The characteristics of activated sludge and membrane fouling were evaluated in a sponge-submerged membrane bioreactor (SSMBR) at different hydraulic retention times (HRTs) (6.67, 5.33 and 4.00 h). At shorter HRT, more obvious membrane fouling was caused by exacerbated cake layer formation and aggravated pore blocking.
surface, and further promoted formation of a thicker cake layer due to bridging action among membrane foulants. In addition, the co-deposition of EPS and sludge flocs onto the membrane surface also gave rise to formation of cake layer and reduced its porosity.
Therefore, deteriorated membrane permeability was obtained at shorter HRT ( indicated that shorter HRT increased EPS contents in bulk sludge and changed cake layer structure through analysing cake layer morphology, but slightly altered EPS contents of cake sludge. However, the variations of activated sludge and cake layer properties during operation at different HRTs were not identified.
Membrane fouling can be controlled through adding biomass carriers (e.g. activated carbon, plastic media and sponge) or flocculants (e.g. inorganic flocculants, organic flocculants and bioflocculants) to modify sludge characteristics. When comparing to other media, sponge has some superior merits, such as lower cost and higher amount of Thus, this study mainly focused on the effects of different HRTs on long-term SSMBR performance (i.e. membrane fouling behaviour, properties of mixed liquor and cake layer) for synthetic wastewater treatment. After determining the optimum HRT, the addition of Gemfloc ® , which has been developed and patented based on the work of Ngo and Guo (2009), for further fouling minimization in a long-term basis was then investigated. For all SSMBR systems, fouling behaviour was evaluated through TMP development, membrane fouling resistance, and characterisation of activated sludge and cake layer including floc size, surface charge, relative hydrophobicity (RH), apparent viscosity, EPS, SMP, and biopolymer clusters (BPC).
Materials and methods

Wastewater
Synthetic wastewater was prepared using glucose, ammonium sulphate and potassium dihydrogen orthophosphate as the continuous source of biodegradable organic pollutants and nutrient pollutants. 
Experimental setup and operating conditions
Three experimental trials were conducted by operating three lab-scale SSMBRs kPa, by using the sequence of 0.5% citric acid for 6 h, 0.4% sodium hydroxide for 6 h and 0.8% sodium hypochlorite for 6 h.
Analysis methods
For influent and effluent samples, the determination of DOC was implemented by a TOC analyzer (Analytikjena Multi N/C 2000). To investigate membrane filtration characteristics, the resistance-in-series model was adopted using Darcy's law as the following equation (Choo and Lee, 1996) :
Where J is the permeate flux; P is the TMP; μ is the viscosity of the permeate; R T is total resistance; R M is the intrinsic membrane resistance; R C is the cake resistance; and R P is the pore blocking resistance.
After removing the fouled membrane from the bioreactor at TMP of 35 kPa, cake layer collected from the membrane surface by a soft brush was suspended in 100 mL of 
Results and discussion
Effects of HRTs on SSMBR performance
Overall performance
The 
Mixed liquor suspended solids (MLSS), mixed liquor volatile suspended solids (MLVSS) and apparent viscosity
As SRT was infinite, biomass multiplication was found in SSMBRs. The SSMBR at HRT of 6.67 h featured a slower MLSS increment, reaching 13.62 g/L on day 100, 
EPS and SMP in mixed liquor
The (Fig. 1) . Hence, higher SMP levels with increased HRT in SSMBR may be due to the accumulation of SMP with evolution of time in the bioreactor. In this case, SMP concentration was not the vital factor to affect membrane fouling. 
Membrane fouling analysis
As shown in Fig. 4 63.33% of R T , respectively. Pore blocking resistance (R P ) followed the similar patterns as that observed for R C , with the order of 6.67 h < 5.33 h < 4.00 h (1.06 × 10 11 , 3.70 × -1 , respectively). These results not only highlighted the importance of cake layer on membrane fouling development, but also suggested that deterioration of membrane permeability at shorter HRTs was caused by more cake layer formation and pore blocking. respectively. Further reduction of HRT from 5.33 to 4.00 h promoted an increase in EPS levels, obtaining EPS P and EPS C at 14.40 and 10.10 mg/g cake layer, respectively.
Similarly, the contents of BPC extracted from the membrane surface showed significant variations at different HRTs. The cake layer contained the least BPC P and BPC C at HRT of 6.67 h at 2.42 and 0.95 mg/g cake layer, respectively. BPC P and BPC C levels at HRT (Fig. 3) . As SMP C presents partially hydrophilic nature as compared to SMP P (Guo et al., 2012) , lower SMP P /SMP C ratio in mixed liquor increased R C and R P at shorter HRTs in terms of higher irremovable fouling, as well as more membrane pore blocking and gel layer formation on membrane surface.
Effects of bioflocculant addition on SSMBR fouling
Based on the above-mentioned results, HRT of 6.67 h could be the optimum HRT for SSMBR. Therefore, SSMBR was further investigated through Gemfloc ® addition at HRT of 6.67 h.
The performance of the SSMBR-G and the SSMBR
As compared to the SSMBR, the removals of DOC and COD increased to 97.76 ± biomass of 5 g/L and HRT of 6.67 h) are also presented in the small figure in Fig. 6 .
The SSMBR-G exhibited the least TMP development (4.0 kPa) and fouling rate (0.035 kPa/d) throughout 100-day operation, which were about one-fifth of those in the SSMBR. It suggested that a significant improvement in filterability and membrane fouling reduction in the SSMBR-G were achieved by Gemfloc ® addition. 
Membrane fouling analysis
As compared to the SSMBR ( also reflected more severe fouling in SSMBR, as higher SMP concentrations with lower SMP P /SMP C ratio in activated sludge gave rise to higher R P and R C (Deng et al., 2015) . Table 1 . Table 2 .
As shown in Table 1 , EPS P /EPS C ratios were always higher in the SSMBR-G than Through analyzing the cake layer on membrane surface after terminating the experiments, it was found that both MBRs contained similar levels of EPS, with EPS P and EPS C of 2.46 and 1.32 mg/g cake layer in the SSMBR-G, respectively. Regarding SMP P and SMP C of the cake layer, lower values were attained (0.13 and 0.12 mg/g cake layer, respectively) for the SSMBR-G than those for the SSMBR (0.26 and 0.32 mg/g cake layer, respectively). Gemfloc ® supplementation in the SSMBR-G also reduced BPC C and BPC P by 84.8% and 29.34%, reaching 0.60 and 1.71 mg/g cake layer,
respectively. Thus, Gemfloc ® addition could achieve better fouling control and sustain very low TMP development in the SSMBR-G.
Conclusions
This study examined membrane fouling potential in SSMBRs operated at different
HRTs. Increased HRT could alleviate cake layer formation and prevent pore blocking, thereby minimizing membrane fouling. R P and R C decreased at longer HRT causing by reduced EPS in membrane cake layer and increased SMP P /SMP C ratio of mixed liquor.
For SSMBRs operated at different HRTs, SMP concentration in mixed liquor was not the decisive factor influencing membrane fouling. In addition, further membrane fouling reduction could be achieved in the SSMBR by employing Gemfloc ® at the optimum HRT of 6.67 h through improving the properties of activated sludge and cake layer. Table titles   Table 1 Total EPS concentrations and average EPS P /EPS C of activated sludge in the SSMBR and the SSMBR-G during the operational period.
Table 2
Total SMP concentrations and average SMP P /SMP C of the supernatant of mixed liquor in the SSMBR and the SSMBR-G during the operational period. 
